Aerodynamic analysis of the 2"d AIAA

Lift Prediction Workshop by a Lattice-
Boltzmann Method solver

18t June 2014

/ NEXT LIMIT
J // TECHNOLOGIES



Outline

« XFlow CFD code

» Numerical approach
« Turbulence modelling

« Spatial discretization

e 20 HiLiftPW results

= Simulations setup

Case 1: Convergence analysis

Case 3a: Low Reynolds number condition

Case 3b: High Reynolds number condition

Configurations comparison

 Conclusions

Flow 2nd AIAA CFD High Lift Prediction Workshop (HiLiftPW-2) GAIAA.



Outline

« XFlow CFD code

* Numerical approach
« Turbulence modelling

« Spatial discretization

« 20 HiLiftPW results
= Simulations setup
= Case 1. Convergence analysis
= Case 3a: Low Reynolds number condition
= Case 3b: High Reynolds number condition

= Configurations comparison

« Conclusions

Jflow 2nd AIAA CFD High Lift Prediction Workshop (HiLiftPW-2) GAIAA.



Flow

Numerical approach
« Lattice Boltzmann Method (LBM)

— Particle-based Lagrangian discretization
— Boltzmann transport equation

Boltzmann
Df
bt 4 A

Navier Stokes

Streaming Collision

Euler

Reference: Nourgaliev, R.R., Dinh, T.N., Theofanous, T.G., and Joseph, D., “The lattice Boltzmann equation method:
theoritical interpretation, numerics and implications,” International Journal of Multiphase Flow, 29, 2003, 117-169
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Flow

Numerical approach
« Lattice Boltzmann Method (LBM)

— Particle-based Lagrangian discretization
— Boltzmann transport equation
— Mesoscopic scale: microscopic description

Df Probability Distribution Function
— = PDF
Dt (D)
f=f(xtv)
Vv

f describes the distribution
of particles that goes in
directions v

Reference: Nourgaliev, R.R., Dinh, T.N., Theofanous, T.G., and Joseph, D., “The lattice Boltzmann equation method:
theoritical interpretation, numerics and implications,” International Journal of Multiphase Flow, 29, 2003, 117-169
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Flow

Numerical approach
Lattice Boltzmann Method (LBM)

— Particle-based Lagrangian discretization
— Boltzmann transport equation
— Mesoscopic scale: macroscopic variables

by _

D t 27 velocity directions

Statistical moments of PDFs

ordero | Density p = ff dv

oderl | Ljnear momentum pu :ffv dv

Reference: Nourgaliev, R.R., Dinh, T.N., Theofanous, T.G., and Joseph, D., “The lattice Boltzmann equation method:
theoritical interpretation, numerics and implications,” International Journal of Multiphase Flow, 29, 2003, 117-169
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Flow

Numerical approach
« Lattice Boltzmann Method (LBM)

— Particle-based Lagrangian discretization

— Boltzmann transport equation

— Mesoscopic scale

— Factorized Central Moment Lattice Boltzmann

Df
Dt

.. Redistributes particles that arrive
Q Collision operator at the same time and position

Reference: Geier, M., Greiner, A., and Korvink, J., “A factorized central moment lattice Boltzmann method," The European
Physical Journal Special Topics, Vol. 171, No. 1, 2009, pp. 55-61.
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Flow

Numerical approach
« Lattice Boltzmann Method (LBM)

— Particle-based Lagrangian discretization

— Boltzmann transport equation

— Mesoscopic scale

— Factorized Central Moment Lattice Boltzmann

br _

Redistributes particles that arrive

= Q) Collision operator at the same time and position
Dt
* 4th order spatial discretization
Unique XFlow collision * Higher accuracy
operator in central * Lower numerical dissipation
moments space * Positive effective viscosity

* A-stable scheme

Reference: Geier, M., Greiner, A., and Korvink, J., “A factorized central moment lattice Boltzmann method," The European
Physical Journal Special Topics, Vol. 171, No. 1, 2009, pp. 55-61.
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Flow

Turbulence modeling

« Wall-Modeled Large Eddie Simulation (WMLES)

% 10 N

ly Eddy size L
<€
DNS Resolved
Modeled Resolved
VLES Modeled Resolved
RANS Modeled
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Flow

Turbulence mod

 Wall-Modeled

eling

Large Eddie Simulation (WMLES)

% 10 N

I :
d Eddy size L
<€
DNS Resolved
Strain rate tensor locally
available as 2" order
Mo d el ed Reso | Ved statistical moment of PDF
Low comput;tion cost for
LBM!
VLES Modeled Resolved
RANS Modeled

—> Wall-Adapting Local Eddy (WALE)

Reference: Ducros, F., Nicoud, F. and Poinsot, T., “Wall-adapting local Eddy viscosity models for simulations in
complex geometries,” Proceedings of 6th ICFD Conference on Numerical Methods for Fluid Dynamics,
1998, pp. 293-299
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Flow

Turbulence modeling

» Generalized law of the wall o= 2l
! »
U U, Ue Us Ue Uyp W,y = 17wl /p
_ Tw u_’rf ST N dp, /dx u_.pf‘ L+ U (v |dpe 1/3
.9 J1 Y . d _l 2 Y U.p — — .
pu2 u, U |dpy /dx| u, U o | da
T T T 45 T T .
. : L
10° 10! 10
T fu, ¥ u, fu,

Reference: Shih, T., Povinelli, L., Liu, N., Potapczuk, M., and Lumley, J., “A generalized wall function,” NASA
Technical Report, July 1999
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Flow

Spatial discretization

« Lattice structure
1. Complex Moving Boundaries

L *——& >
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Aflow

~ Spatial discretization

« Lattice structure
1. Complex Moving Boundaries
2. Adaptative Refinement

Time: 3.37s

Num elements: 49679686
Cx:0.753 l

Cy:3.337

Cz:0421
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2nd HiLiftPW: Simulation setup

Environment XFlow virtual wind tunnel
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2nd HiLiftPW: Simulation setup

Boundary conditions
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2nd HiLiftPW: Simulation setup

Configurations

Slat pressure tube bundle

Slat track

Flap track fairing

Case 1: “Config. 2” Case 3: “Config. 5”
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2nd HiLiftPW: Simulation setup

HPC resources

Y
%l %
/////////

CENTRO DE SUPERCOMPUTACION Y VISUALIZACION DE MADRID

Teide-HPC CeSViMa

1052 nodes 44 nodes

Intel Xeon E5-2670 — 8 cores @2.60 GHz 2x Intel Xeon E5-2670 — 8 cores @2.60 GHz
32 GB DDR-3 RAM 64 GB DDR-3 RAM

Infiniband QDR 4x to 40Gb/s Infiniband QDR 4x to 40Gb/s
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2"d HiLiftPW: Case 1

Global convergence

Lattice resolution
Coarse =4 mm
Medium =2 mm

Fine =1 mm

Flow

a=16°
# Elements Sim. time Comp. time
9,200,000 0.1s 1h
25,900,000 0.1s 5.2h
87,400,000 0.1s 33.8h

2nd AJAA CFD High Lift Prediction Workshop (HiLiftPW-2)

Cores
160

160

160




2"d HiLiftPW: Case 1

Global convergence

23 Lift coefficient history @ 07deg Lif5 c20efficient against the number of lattice nodes @ 07deg
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2"d HiLiftPW: Case 1

Global convergence

2.2

Lift coefficient history @ 07deg
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2"d HiLiftPW: Case 1

Global convergence

23 Lift coefficient history @ 07deg Lif5 c20efficient against the number of lattice nodes @ 07deg
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2"d HiLiftPW: Case 1

Fuselage convergence o = 16°

Fuselage Wing # Elements Sim. time Comp.time Cores
Extra-Coarse 8 mm 1 mm 40,600,000 0.1s 15.8 h 160 )

Coarse 4 mm 1 mm 43,600,000 0.1s 17.6 h 160
q(e SViMa
Medium 2 mm 1 mm 52,500,000 0.1s 29.0 h 160

Fine 1 mm 1 mm 87,400,000 0.1s 33.8 h 160

Lift2 %oefficient against the number of lattice nodes @ 16deg

Drggocoefficient against the number of lattice nodes @ 16deg
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2"d HiLiftPW: Case 1

Fuselage convergence o = 160

Fuselage Wing # Elements Sim. time Comp.time Cores

Extra-Coarse 8 mm 1 mm 40,600,000 0.1s 15.8 h 160 )
Coarse 4 mm 1 mm 43,600,000 0.1s 17.6 h 160
Medium 2 mm 1 mm 52,500,000 0.1s 29.0 h 160
Fine 1 mm 1 mm 87,400,000 0.1s 33.8 h 160
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2"d HiLiftPW: Case 1

Global convergence a = 16°
Wing Fuselage # Elements Sim. time Comp. time Cores
Coarse 4 mm 4 mm 43,600,000 0.1s 1h 160 )
Medium 2 mm 2 mm 52,500,000 0.1s 5.2 h 160
Fine 1 mm 1 mm 87,400,000 0.1s 33.8 h 160
Extra-Fine 0.5 mm 2 mm 150,000,000 O0.1s 84 h 256
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2"d HiLiftPW: Case 1

Global convergence a = 16°
Wing Fuselage # Elements Sim. time Comp. time Cores
Coarse 4 mm 4 mm 43,600,000 0.1s 1h 160 )
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2"d HiLiftPW: Case 1

Global convergence a = 16°
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2nd HiLiftPW: Case 3a (low Re)

Computational information

Angle of attack

Flow

# Elements

153,780,000
156,120,000
162,390,000
164,090,000
164,400,000
165,040,000
165,600,000
167,300,000

Sim. time
0.1s
0.1s
0.1s
0.1s
0.1s
0.1s
0.1s
0.15s

Comp. time
50 h

49 h

60 h

68.5 h

66.4 h

64.8 h

52 h

66 h

2"d AJAA CFD High Lift Prediction Workshop (HiLiftPW-2)

Cores
576
576
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576
576
576
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2nd HiLiftPW: Case 3a (low Re)

Lift coefficient

Lift and drag polars

3.0

1.0

LIFT DRAG
Lift Polar Drag Polar
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Flow

Angle of attack [2]
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2nd HiLiftPW: Case 3a (low Re)

Lift coefficient

Lift and drag polars: linear region

LIFT DRAG
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2nd HiLiftPW: Case 3a (low Re)

Lift coefficient

Lift and drag polars: stall region
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2nd HiLiftPW: Case 3a (low Re)

Pressure distribution

Pressure distribution for 72 at P01

-Cp
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2nd HiLiftPW: Case 3a (low Re)

Pressure distribution

-Cp

3.0 Pressure distribution for 72 at P01 a Pressure distribution for 72 at P11
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2nd HiLiftPW: Case 3a (low Re)

Flow structure Bl
Vorticity at 7°

Time: 0.0675s 1 ‘
Num elements: 153939518 = X i

2nd AJAA CFD High Lift Prediction Workshop (HiLiftPW-2)




Flow structure

I 50000.000

= 37500.000
ﬁ 25000.000
= 12500.000

0.000

Flow 2nd AIAA CFD High Lift Prediction Workshop (HiLiftPW-2) GAIAA.



2nd HiLiftPW: Case 3a (low Re)

Flow structure o=7°

ﬂ 25000.000

= 12500.000
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Flow structure

Flow 2nd AIAA CFD High Lift Prediction Workshop (HiLiftPW-2) GAIAA.



Flow structure

Same
separated flow
structure

Flow 2nd AIAA CFD High Lift Prediction Workshop (HiLiftPW-2) GAIAA.



2nd HiLiftPW: Case 3a (low Re)

Flow structure

Lift Polar
30 ] ! 1
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2nd HiLiftPW: Case 3b (high Re)

Computational information

Angle of attack # Elements Sim. time Comp. time Cores
02 153,780,000 0.1 44.2 h 576
72 156,120,000 0.1s 41.4 h 576
162 162,390,000 0.1s 43.9 h 576
18.52 164,090,000 0.1s 339h 1152
teidei--i.,
209 165,040,000 0.1s 40.6 h 576 @,\ .
21¢ 165,600,000 0.1s 49.2 h 576
22.49 166,400,000 0.1s 47.6 h 576
249 167,300,000 0.1s 54.1 h 576
269 168,200,000 0.15s 34.6 h 2304 )

Flow 2nd AIAA CFD High Lift Prediction Workshop (HiLiftPW-2) GAIAA.



2nd HiLiftPW: Case 3b (high Re)

Lift and drag polars

Lift coefficient
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2nd HiLiftPW: Case 3b (high Re)

Lift and drag polars: linear region

Lift coefficient
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2nd HiLiftPW: Case 3b (high Re)

Lift and drag polars: stall region

Lift coefficient
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2"d HiLiftPW

Flow structure -
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2nd HiLiftPW: Case 3b (high Re)

Flow structure

Velocity (m's™*)

I 100.000

= 75.000
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2nd HiLiftPW: Case 3b (high Re)

Flow structure

Stall
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Outline

« XFlow CFD code

Numerical approach

« Turbulence modelling

Spatial discretization

e 2nd HjLiftPW results

Simulations setup

Case 1: Convergence analysis

Case 3a: Low Reynolds number condition
Case 3b: High Reynolds number condition

Configurations comparison

« Conclusions
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Flow structure influence 70

Config. 2 Config. 5

Time: 0.1s
Num elements: 156120352

Time: 0.1s
Num elements: 148401204

Vorticity (s Vorticity (™)
I 50000.000 I 50000.000
- 37500.000 - 37500.000

25000.000 25000.000

12500.000 = 12500.000

h
iy
-
-

Jflow 2nd AIAA CFD High Lift Prediction Workshop (HiLiftPW-2) GAIAA.

)
!
:.i



Flow structure influence 70
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2nd HiLiftPW: Config. comparison

Flow structure influence
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2"d HiLiftPW: Config. comparison

Flow structure influence

Turbulence produced by
slat tracks and slat
pressure tube bundles
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Flow structure influence

Slat separation induces
turbulent flow for both
configurations at 72
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2"d HiLiftPW: Config. comparison

Flow structure influence

Slat more effective
at 242 than 72 for
both
configurations
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Outline

« XFlow CFD code

Numerical approach

« Turbulence modelling

Spatial discretization

o 2nd HiLiftPW results

Simulations setup

Case 1: Convergence analysis

Case 3a: Low Reynolds number condition
Case 3b: High Reynolds number condition

Configurations comparison

e Conclusions

Jflow
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Conclusions

« The CFD setup and preparation is short and easy despite the complex
geometry and analyses shown in the presentation

» Results for the HiLiftPW-2 are in good agreement with experimental data
 XFlow is able to capture the stall entry with good accuracy
« The WMLES approach provides a unique insight on the flow structure

* The influence of small geometrical details on the flow structure is captured
with no additional effort

« XFlow is shown to be well suited for high lift aircraft design
» Future work to optimize resolution could improve the stall entry prediction

Flow 2nd AIAA CFD High Lift Prediction Workshop (HiLiftPW-2) GAIAA.
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